Abstract. Electron microscopy and cathodoluminescence (CL) microanalysis were used for a comparative study of porous layers fabricated by electrochemical etching of n-GaP and n-InP substrates in aqueous solutions of sulfuric and hydrochloric acids. Both the CL and morphology of porous layers were found to depend upon the anodic current density. At high current density (100 mA/cm 2 ) anodization leads to the formation of so-called current-line oriented pores while at low current densities the pores grow along 111 crystallographic directions. The porosity relief was found to give rise to spatial modulation of the CL intensity. The composition microanalysis proved the stoichiometry of porous GaP and InP skeletons, although we found considerable traces of oxygen in porous GaP layers. Self-induced voltage oscillations giving rise to a synchronous modulation of the diameter of pores and CL intensity were evidenced.
Introduction
Porosity is an effective tool for engineering basic parameters of semiconductor materials [1] . In particular, porous III-V compounds were found to exhibit Fröhlich-type surface-related vibrations with porositytunable frequencies and efficient optical second harmonic generation [2] [3] [4] [5] . So far, most experiments investigating emission characteristics of porous III-V materials have been restricted to photoluminescence (PL). The PL of porous GaP, GaAs and InP at energies above the band gap of the bulk material has been attributed to quantum size effects [6] [7] [8] [9] [10] . In this work, we study the morphology and CL characteristics of porous layers obtained by electrochemical dissolution of n-GaP and n-InP substrates. We report drastic modification in both morphology and CL intensity of porous GaP and InP layers with changing anodization conditions. Self-induced voltage oscillations were observed during anodic etching at high current density and their impact on pore morphology and CL intensity was evidenced. The results of the CL microanalysis indicate the possibility of controlling the spatial distribution of emission in porous GaP and InP.
Experimental
(100)-oriented n-GaP:S and n-InP:Si wafers cut from Czochralsky-grown ingots were used in this work. The a e-mail: tiginyan@mail.utm.md free electron concentration in the as-grown substrates was (0.5 − 1) × 10 18 cm −3 at 300 K. The anodic etching was carried out in aqueous electrolytes of H 2 SO 4 and HCl in galvanostatical regime.
The CL experiments were performed in a Scanning Electron Microscope (SEM) equipped with Oxford Instruments MonoCL2 cathodoluminescence imaging and spectral analysis system, and cryogenic specimen stages. CL and SEM images were taken from the same sample areas for comparison. The CL was excited with a continuous electron beam at normal incidence, and measured using a retractable parabolic mirror collector. CL spectra were collected over the wavelength range 250-900 nm using a Hamamatsu R943-02 high sensitivity photomultiplier with a 1200 line/mm grating, blazed at 550 nm. The CL spectra were collected over a range of beam energies (E b = 15-30 keV) and beam currents (I b = 0.25-100 nA). EDX microanalysis was used to study the chemical composition of porous layers.
3 Results and discussion high anodic current density leads to the formation of the so-called current-line oriented pores which are quasiuniformly distributed and grow inside the sample at nearly the same rate (Figure 1 a, b) . A thorough analysis of the SEM image showed that the top porous layer exhibits weak horizontal trajectories related to the modulation of the diameters of the pores. Some of these trajectories (marked by arrows) are clearly seen in the enlarged portion presented in Figure 1 a. The panchromatic CL image of the top porous layer shows similar horizontal lines ( Figure 1 c) indicating a correlation between cathodoluminescence and morphology in porous GaP.
The magnification used in Figure 1 b does not permit observation of the morphology of the second porous layer, produced at the current density of 1 mA/cm 2 . At higher magnifications, however, the pores are oriented along 111 crystallographic directions. As expected, in this case the rate of dissolution and the degree of porosity are relatively low (Figure 1 
d).
A subject of particular interest is the quite different impact of porosity upon CL efficiency at high and low anodic current densities. Anodization at high current densities (e.g. 100 mA/cm 2 ) sharply enhances the CL intensity, while etching at current densities as low as 1 mA/cm 2 quenches the luminescence. This is seen in Figure 1 c, and more clearly in Figure 2 , where the CL spectra of bulk GaP and porous layers produced at high and low current densities are illustrated. Although all spectra are dominated by a band with the maximum at approximately 1.5 eV, they give further evidence that the top porous layer exhibits the most intense luminescence. The second layer produced at the current density 1 mA/cm 2 is less luminescent than either the top porous layer or bulk GaP. Fig. 2 . CL spectra of bulk GaP (curve 1) and porous layers produced at current densities j1 = 100 mA/cm 2 (curve 2) and j2 = 1 mA/cm 2 (curve 3). The beam energy is 25 keV, beam current is 50 nA.
It is important to note that the situation changes drastically when the anodization current in the second layer is increased several times. In this case, the higher the degree of porosity the higher the intensity of luminescence. This correspondence was also observed when measuring CL spectra.
Taking into the account the effect of H-passivation of pore walls in Si [11] , the {112} planes in III-V compounds are expected to be the most stable against dissolution, i.e. most easily passivated set of planes enveloping 111 directions. We suggest that the crystallographically oriented pores obtained at the current density 1 mA/cm 2 expose {112} planes which are efficiently passivated in the electrolyte. On the other hand, under ambient conditions these planes seem to be characterized by poor passivation (or, in other words, the dangling bonds are not saturated). As a result, the non-radiative recombination of the free carriers via surface states becomes sufficiently strong to compete with the radiative recombination processes. This qualitatively explains the decrease in the luminescence intensity caused by anodic etching at the current density 1 mA/cm 2 ( Figure 2, curve 3 ).
In contrast, the pore walls at high anodic current densities exhibit weak passivation in the solution and efficient passivation under ambient conditions. The saturation of the dangling bonds, however, does not explain the relatively strong increase in the luminescence intensity induced by porosity. Note that electrochemical dissolution of n-type semiconductor materials is known to preferentially remove the dislocations and other lattice imperfections which may play the role of non-radiative recombination centers. Reduction in the density of non-radiative recombination centers accompanied by in-situ surface passivation may qualitatively explain the observed increase in CL intensity induced by porosity. In addition, in the porous form, GaP, being an indirect gap semiconductor, exhibits surface related vibrations [2, 3] which can participate in the process of free-carrier radiative recombination and, consequently, increase its probability considerably.
It is interesting to note that chemical composition microanalysis proved the stoichiometry of porous GaP structures fabricated at both low and high anodic current densities. However, oxygen content as high as 2.5 atomic % was detected in high-porosity GaP layers. The content of oxygen in porous layers prepared at the current density of 1 mA/cm 2 was 3 to 4 times less than the one evidenced in high-porosity layers. Figure 3 illustrates the SEM image in cross-section taken from an InP sample subjected to anodization in HCl electrolyte. Changing the anodic current density with time, we succeeded to modify the degree of porosity considerably. Note that the degree of porosity can be spatially modulated switching periodically the process of anodic etching on and off. In case of InP sample illustrated in Figure 4 , the anodic current changed from 80 mA to zero and vice versa with the period of 0.2 min. It is obvious that the etching itself takes place only during the first 0.1 min of the cycle, while in the second 0.1 min no dissolution occurs (no current flows). However, the process interruption for 0.1 min proves to be very important because in the meanwhile the pore tips become passivated. When the current is again switched on, a new nucleation phase is required, i.e. a new nucleation layer (NL) emerges similar to the NL related to the first stage of the dissolution starting at the initial surface of the sample [12] .
Applying this procedure, a structure was obtained with spatially modulated degree of porosity consisting of 14 alternating layers of high and low porosities (Figure 4 a) . Although neighboring layers exhibit quite different morphologies and degrees of porosity, the interfaces prove to be rather sharp, see the insert in Figure 4 a. The degree of porosity in the NL is less than 10%, the pores being oriented along {111} crystallographic directions. As to the high porosity layers, they exhibit pores oriented perpendicularly to the initial surface (see Figure 4 a, upper part of the insert).
The porosity relief caused by periodical switching the dissolution current on and off was found to give rise to spatial modulation of the CL intensity (Figure 4 b) . Note that the higher the degree of porosity the lower the CL efficiency. The surface of porous InP seems to be not passivated and therefore the rate of non-radiative recombination of free carriers increases with the degree of porosity.
As seen from Figure 5 , the intensity of the near-bandedge CL decreases 100 and 4000 times after sample anodization in 5% and 10% HCl electrolytes respectively. Note a small upward frequency shift (∼ 5 meV) of the CL band maximum in the sample anodized at 10% electrolyte in comparison with that of the as-grown specimen. Chemical composition microanalysis proved the stoichiometry of the skeleton in porous InP and no traces of oxygen were observed. Taking into account the obtained results, one may conclude that oxygen contributes to the surface passivation in porous III-V structures. With a particular exception, the introduction of porosity in GaP leads to the increase in the luminescence intensity which correlates well with the increase in the oxygen content. At the same time, the porosity in InP plays the role of killer for luminescence, leading to a considerable decrease of the CL intensity. The dangling bonds at the surface of porous InP seem to give rise to surface energy states mediating the non-radiative recombination of non-equilibrium free carriers. Further experiments are required to elucidate the features of surface passivation in porous III-V structures.
Conclusion
Electrochemical etching of (100)-oriented n-GaP and nInP substrates in aqueous solutions of H 2 SO 4 and HCl at high current densities leads to the orientation of pores along the current lines. When the current density is switched down to 1 mA/cm 2 , the pores start to grow along 111 crystallographic directions. Such pores are also inherent to nucleation layers. The orientation of pores along definite crystallographic directions reflects the anisotropy of anodic etching under definite conditions.
The impact of porosity upon the CL efficiency of GaP and InP was found to depend on the anodic current density. In InP porosity plays the role of killer for luminescence. Porosity introduced in GaP at high current densities intensifies the CL, in spite of the huge surface inherent to anodized samples. We observed self-induced voltage oscillations during pore etching in n-GaP. The oscillations lead to a synchronous modulation of both the diameter of pores and CL intensity. In contrast to InP, porous GaP layers contain considerable traces of oxygen that seems to contribute to surface passivation.
